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Continuous macroautophagic activity is critical for the main-
tenance of neuronal homeostasis; however, unchecked or dys-
regulated autophagy can lead to cell death. Cultured Purkinje
neurons die by an autophagy-associated cell death mechanism
when deprived of trophic support. Here, we report that insulin-
like growth factor-I (IGF-I) completely blocked the autophagy-
associated cell death of Purkinje neurons. To examine the mech-
anism by which IGF-I influences autophagy, neurons were
infected with adeno-RFP-LC3 and subjected to trophic factor
withdrawal, and the size and number of autophagosomes were
analyzed by live-cell fluorescence imaging. In control neurons,
autophagy occurred at a constitutive low level with most auto-
phagosomes measuring less than 0.75 um. Trophic factor with-
drawal increased the number and size of autophagosomes with
most autophagosomes ranging between 0.75 and 1.5 um and
some reaching 1.5-2.25 um. IGF-I added at the time of trophic
factor withdrawal prevented the accumulation of the larger
autophagosomes; however, it had no effect on the conversion of
LC3, an indicator of autophagy induction. Instead, the rate of
autophagosome-to-lysosome fusion measured by colocalization
of RFP-LC3 and LysoSensor Green was accelerated by IGF-IL.
Treating the neurons with bafilomycin A, in the presence of
IGF-I led to the accumulation of autophagosomes even larger
than those induced by trophic factor withdrawal alone, indicat-
ing that IGF-I regulates autophagic vesicle turnover. Finally, the
effect of IGF-I on autophagy was mediated by an Akt/mTOR-de-
pendent and an ERK-independent pathway. These data suggest
anovel role for IGF-I in protecting Purkinje neurons from auto-
phagy-associated cell death by increasing autophagy efficiency
downstream of autophagy induction.

Autophagy is a regulated, catabolic pathway for the turnover
of long-lived proteins, macromolecular aggregates, and dam-
aged organelles by lysosomal degradation (1). It also plays a role
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in clearing the cell of invading bacteria and viruses (2, 3). In
mammalian cells, the lysosomal pathway of intracellular degra-
dation is divided into three distinct pathways: macroautophagy,
microautophagy, and chaperone-mediated autophagy (4).
Macroautophagy (5, 6) begins with the formation of a unique
double-membrane vesicle (autophagosome) that engulfs cyto-
plasmic constituents such as proteins, lipids, and damaged
organelles, including mitochondria. The outer membrane of
the autophagosome then docks and fuses with the lysosome to
deliver the sequestered cargo. The inner membrane of the fused
vesicle (autolysosome) along with the interior contents of the
autophagosome are degraded by lysosomal hydrolases, a proc-
ess that generates nucleotides, amino acids, and free fatty acids
that are recycled to provide raw materials and energy to the cell.
Microautophagy (7) circumvents the autophagosome seques-
tration step and begins with the direct uptake of cytosolic com-
ponents by invaginations and pinching off of the lysosomal
membrane. As in macroautophagy, the internalized cytosolic
components are digested by lysosomal enzymes, and the mac-
romolecules are released when the vacuolar membrane disin-
tegrates. In chaperone-mediated autophagy (8, 9) specific chap-
erone proteins bind to targeted proteins containing a KFERQ
sequence and direct these proteins to the surface of the lyso-
some. These proteins bind to LAMP-2A on lysosomal mem-
branes and are then transported across the membrane with the
assistance of chaperone proteins where they are degraded by
the lysosomal proteases.

In eukaryotic cells, macroautophagy (hereon referred to as
autophagy) occurs constitutively at low levels in most cells to
perform housekeeping functions such as degradation of pro-
teins and destruction of dysfunctional organelles. Dramatic up-
regulation of autophagy occurs in the presence of external
stressors such as starvation, hormonal imbalance, oxidation,
extreme temperature, and infection as well as internal needs
such as cellular remodeling and removal of protein aggregates
(10).

Dysregulated autophagy is thought to contribute to many
human diseases, particularly neurodegeneration. Morphologi-
cal studies of diseased human postmortem brain consistently
reveal signs of enhanced autophagy in degenerating neuronal
populations. Increased autophagy and disturbances in the lyso-
somal degradative system have been reported in many neuro-
degenerative conditions including Alzheimer disease (11, 12),
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Parkinson disease (13), Huntington disease (14), prion enceph-
alopathies (15, 16), and diffuse Lewy body disease (17). Many of
these neurodegenerative diseases are associated with the accu-
mulation of mutant proteins. Several of the mutant proteins
including a-synuclein and huntingtin are degraded by an auto-
phagic-lysosomal pathway, suggesting that autophagy may be a
protective mechanism for the clearance of toxic aggregate-
prone proteins (18, 19). In mouse and Drosophila models of
Huntington disease, early treatment with the mTOR inhibitor
and autophagy stimulator, rapamycin, and a rapamycin ana-
logue (CCI-779) decreased neurodegeneration and improved
behavioral performance (20).

In other animal models of neurodegeneration, it has been
suggested that enhanced autophagy contributes to cell death.
Autophagy is induced in vulnerable populations of neurons in
transgenic mouse models of Alzheimer disease in which human
mutant presenilin-1 and the Swedish variant of amyloid precur-
sor protein are overexpressed (21, 22). In both conditions auto-
phagosomes proliferate in dendrites, and the level of LC3-II, a
specific marker for autophagosome formation, is elevated. This
process occurs before B-amyloid pathology develops, indicat-
ing that autophagy induction is an early response in the disease.
Likewise, an ultrastructural study on neuronal degeneration in
transgenic mice expressing mutant human tau demonstrated
the involvement of autophagic processes (23). In experimental
animal models of Creutzfeldt-Jakob disease and scrapie disease,
ultrastructural features of autophagy are abundant in cortical
neurons (24). Extensive autophagic vacuole formation occurs
in degenerating cerebellar Purkinje neurons in models of ische-
mia (25, 26) and in spinocerebellar ataxia 1 transgenic mice
(27). Finally, neuronal death in the Lurcher mouse, which suf-
fers from extensive Purkinje neuron degeneration caused by a
point mutation in the 62 glutamate receptor (28) appears to
result from the direct activation of autophagy by Lurcher
GRID2 receptors through a signaling pathway consisting of
GRID-2, n-PIST, and Beclin 1 (29, 30). It is possible that auto-
phagy is initially up-regulated in the nervous system to provide
macromolecular nutrients or clear protein aggregates from
neurons and that once a certain level of intracellular damage is
reached, accumulation of large autophagic vacuoles exacerbate
the damage eventually leading to cell death.

We have established a novel model system utilizing primary
cultured cerebellar neurons in which Purkinje neurons undergo
up-regulation of autophagy when trophic factors are removed
from their medium. The prolonged up-regulated autophagy
and the accumulation of autophagic vesicles contribute to the
death of these neurons, thus providing a model to examine the
relationship between enhanced autophagy and cell death (31).
In this report we have utilized live-cell imaging techniques to
monitor autophagy in Purkinje neurons. We demonstrate that
IGF-I, a potent neurotrophic factor in the cerebellum, prevents
the accumulation of autophagic vesicles and cell death of Pur-
kinje neurons by increasing the rate of autophagosome-lyso-
some fusion and degradation via an Akt/mTOR-dependent
pathway, indicating a novel mechanism by which IGF-I main-
tains neuronal homeostasis.
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EXPERIMENTAL PROCEDURES

Materials—The polyclonal rabbit antibody to calbindin
D-28K and LC3 were obtained from Chemicon (Temecula, CA)
and Abgent (San Diego, CA), respectively. Cy3-conjugated sec-
ondary antibody was obtained from Jackson ImmunoResearch
(West Grove, PA). Horseradish peroxidase-linked secondary
antibodies and reagents for enhanced chemiluminescence
detection were obtained from GE Healthcare and Pierce,
respectively. LysoSensor Green was obtained from Molecular
Probes (Eugene, OR). Rapamycin, SH-5, and PD98059 were
purchased from Calbiochem. Hoechst, IGF-I,> bafilomycin A,
and lithium chloride were purchased from Sigma-Aldrich. The
adenoviral RFP-LC3 was a gift from Aviva Tolkovsky (Univer-
sity of Cambridge, Cambridge, England). All other chemicals
were purchased from Sigma-Aldrich unless otherwise stated.

Cell Culture—Animal procedures were approved by the
Institutional Animal Care and Use Committee of the University
of Colorado Denver and were conducted in accordance with
policies for the ethical treatment of animals established by the
National Institutes of Health. Primary rat cerebellar granule
neurons were isolated from 7-day-old Sprague-Dawley rat pups
as described previously (32). Briefly, cells were plated at a den-
sity of 2.0 X 10° cells/ml on poly-p-lysine/laminin (BD Bio-
sciences)-coated coverslips in basal modified Eagle’s medium
containing 10% fetal bovine serum, 25 mm KCl, 2 mM L-gluta-
mine, and penicillin (100 units/ml)-streptomycin (100 wg/ml)
(Invitrogen), which is referred to as 25K+S medium. Cytosine
arabinoside (10 um) was added to the culture medium 24 h after
plating to limit the growth of non-neuronal cells. On day 5,
neurons were infected with adenoviral vector expressing
MAP1-LC3 labeled with red fluorescent protein (RFP-LC3) at a
multiplicity of infection of 100 for 24 h. Autophagic cell death
was induced by removing the plating medium and replacing it
with trophic factor withdrawal 5K-S medium (serum-free basal
modified Eagle’s medium containing 5 mm KCl).

Immunocytochemistry—Purkinje neurons in cerebellar cul-
tures were identified by immunostaining with a polyclonal anti-
body to calbindin D-28K. Neurons were plated and induced to
undergo death as indicated above. After the appropriate treat-
ment, cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4) for 30 min at room temperature.
The neurons were then permeabilized and blocked in PBS con-
taining 0.2% Triton X-100 and 5% bovine serum albumin for 1 h
at room temperature. Cells were incubated overnight at 4 °C
with calbindin D-28K (1:250) diluted in PBS containing 0.2%
Triton X-100 and 2% bovine serum albumin. The primary anti-
body was aspirated, and cells were washed six times with PBS at
room temperature for atleast 1 h. Neurons were then incubated
with the appropriate Cy3-conjugated secondary antibody
(diluted 1:500) and 4’,6-diamidino-2-phenylindole (1 wg/ml)
for 1 h atroom temperature. The cells were then washed 6 more
times with PBS at room temperature, and coverslips were
adhered to glass slides with mounting medium (0.1% p-phe-

2The abbreviations used are: IGF-I, insulin-like growth factor I; PBS, phos-
phate-buffered saline; TBS-T, Tris-buffered saline with Tween; RFP, red flu-
orescent protein; ERK, extracellular signal-regulated kinase; Baf A, bafilo-
mycin A;.
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nylenediamine in 75% glycerol in PBS). Slides were sealed with
clear nail polish and stored at —20 °C before imaging. Fluores-
cence imaging was performed on a Zeiss Axioplan 2 micro-
scope equipped with a Cooke sensicam deep-cooled CCD cam-
era, and images were analyzed and subjected to digital
deconvolution using the Slidebook 4.2 software program (Intel-
ligent Imaging Innovations Inc., Denver, CO).

Western Blotting—Cells were washed twice with PBS and
lysed in Laemmli sample buffer (60 mm Tris pH 6.8, 10% glyc-
erol, and 2% SDS), and lysates were briefly sonicated. Lysates
were boiled for 5 min, and equal volumes of total protein were
separated by SDS-PAGE (NuPAGE Novex system; Invitrogen)
and transferred to a polyvinylidene fluoride membrane. Non-
specific binding sites were blocked in TBS containing 0.1%
Tween 20 (TBS-T) and 5% bovine serum albumin for 1 h at
room temperature. Rabbit anti-LC3 (1:1,000; Abgent) was
diluted in blocking solution and incubated with the membranes
overnight at 4 °C while on a rotating platform. Excess primary
antibody was removed by washing the membranes three times
in TBS-T at room temperature for at least 30 min. The blots
were then incubated with the appropriate horseradish peroxi-
dase-conjugated secondary antibody (anti-rabbit-horseradish
peroxidase (1:5000)) diluted in TBS-T for 1 h at room temper-
ature and were subsequently washed 3 times in TBS-T for 30
min. Immunoreactive bands were detected by use of the
enhanced chemiluminescence reagent (GE Healthcare) and
exposed to CL-Exposure film (Pierce). In some experiments
membranes were reprobed after stripping in Restore Western
blot Stripping Buffer (Pierce). The blots were rinsed three times
in TBS-T and processed as above with a different primary anti-
body. Autoluminograms shown are representative of at least
three independent experiments.

Quantitation of Purkinje Neuron Survival—Purkinje neuron
numbers were measured by counting the number of calbindin-
positive cells in 152 fields using a 63X oil objective that were
randomly selected by following a fixed grid pattern over the
coverslip. The total area counted per coverslip was 14.6 mm? or
~13% of the coverslip. In addition to calbindin staining, cells
were also judged by their morphology. Cells counted as Pur-
kinje neurons had large rounded cell bodies, elaborate pro-
cesses, and larger, more oval nuclei in comparison to the
smaller, rounder nuclei of granule neurons. At least three cov-
erslips were counted per experimental condition. The numbers
were averaged and expressed as a percentage of the average
number counted in the appropriate controls. This was repeated
for at least three independent experiments.

Quantitation of Autophagy—Vesicle and fusion analysis
from live-cell imaging was performed as described previously
(33). Briefly, cerebellar neurons were infected with RFP-LC3 as
described above. Twenty-four hours later, autophagic cell
death was induced by removing the plating medium and replac-
ing it with either control medium (25K+S) or trophic factor
withdrawal medium (5K-S) containing the appropriate drug for
various time points (0—24 h). After the appropriate treatment
times, cells were stained at 37 °C with Hoechst (20 ng/ml) for 15
min to visualize cellular nuclei and LysoSensor Green (2 um) for
5 min to visualize lysosomes. The cells were then washed 3
times for 5 min with 37 °C phenol red-free 25K+S control
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medium (Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum, 25 mm KCl, 2 mMm L-glutamine,
and penicillin (100 units/ml)-streptomycin (100 pg/ml;
Invitrogen)) or phenol red-free 5K-S medium (serum-free
DMEM containing 5 mm KCL) to remove nonspecifically
bound dyes. The individually timed coverslips to be imaged
were attached to a 35-mm dish using Vaseline petroleum jelly
and submerged in 3 ml of the appropriate phenol red-free
medium. The dish was then fitted into a pre-warmed 37 °C
heated stage which maintains the temperature at 37 °C. Imag-
ing was performed as described above. Images of LysoSensor
Green, RFP-LC3, and Hoechst fluorescence were captured on
the fluorescein isothiocyanate, Cy3, and 4’,6-diamidino-2-phe-
nylindole channels, respectively, using the 63X water immer-
sion objective. The length of exposure on the 4’,6-diamidino-
2-phenylindole channel was calibrated by the Slidebook
program (Slidebook 4.2). Collected images were used to meas-
ure the diameters of all the visible RFP-and LysoSensor Green-
positive vacuoles using Slidebook. Autophagosome-to-lyso-
some fusion was measured as the degree of co-localization
between RFP-LC3 positive vacuoles and LysoSensor Green
positive vacuoles, which was quantified using the Pearson cor-
relation analysis tool in Slidebook 4.2. Vesicle diameter and
fusion measurements were collected from at least 7-10 Pur-
kinje live cell images per treatment condition for at least three
independent experiments.

Data Analysis—Results shown represent the mean = S.E.
from three independent experiments performed in triplicate.
Statistical differences between the means of unpaired sets of
data were evaluated using one-way analysis of variance fol-
lowed by post hoc Tukey’s test. A p value of <0.05 was consid-
ered statistically significant. The degree of co-localization
between RFP-LC3-positive vacuoles and LysoSensor Green
positive vacuoles was quantified using the Pearson correlation
coefficient (r), which calculates the proportion of all red inten-
sities that contain green signals within all red intensities and
was assessed using the Pearson correlation analysis tool in
Slidebook 4.2.

RESULTS

IGF-I Blocks the Accumulation of Autophagic Vacuoles and
Cell Death of Purkinje Neurons—Previous studies by our labo-
ratory have demonstrated that trophic factor withdrawal leads
to the death of cultured cerebellar neurons. Granule neurons
die by an apoptotic mechanism involving Bax translocation to
the membrane, cytochrome c release, activation of caspase 9
and caspase 3, and nuclear condensation (34 —-36). In contrast,
Purkinje neurons die by an autophagy-associated cell death
mechanism, characterized by extensive cytoplasmic vacuola-
tion, the presence of autolysosomes detected by electron
microscopy, and the absence of caspase activation and nuclear
condensation (31). The apoptosis induced in granule neurons
deprived of trophic support was completely inhibited with
IGF-1, which has been well characterized in inhibiting pathways
that promote apoptosis (36 —38). However, the ability of IGF-I
to inhibit cell death associated with autophagy has not been
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FIGURE 1. IGF-1 blocks the accumulation of autophagic vacuoles and cell death of Purkinje neurons. A, Purkinje neurons were maintained in control
medium (25K+S), trophic factor-withdrawal medium (5K-S), 5K-S +IGF-I (200 ng/ml), 5K-S +bafilomycin A, (Baf A; 100 nm), and 5K-S +IGF-I +Baf A, for 24 h.
The cultures were fixed and stained with the Purkinje neuron marker calbindin D-28K, and Purkinje neurons were counted. Numbers are plotted as percent
survival of control. Band C, RFP-LC3-infected Purkinje neurons were maintained in 25K+S, 25K+S +IGF-I, 25K+S +Baf A,, 25K+S +IGF-I+Baf A,, 5K-S, 5K-S
+IGF-l, 5K-S +Baf A, or 5K-S +IGF-I+Baf A, for 16 h after which neurons were stained with Hoechst, and images were captured via live-cell imaging.
Representative live-cellimages are shown in B; the scale bar represents 5 um. C, autophagosome vacuole size was quantified by measuring the diameters of all
RFP-LC3-positive vacuoles in 7-12 Purkinje neurons per treatment (n = 3). The size distribution was graphed as the percent of total vacuoles within the
indicated size ranges. Data represent the mean = S.E. of three independent experiments, each performed in triplicate. A, ***, p < 0.001 compared with 25K+S
control; ###, p < 0.001 compared with 5K-S; +++, p < 0.001 compared with 5K-S+ IGF-I. C, ***, p < 0.001 compared with 25K+S, <0.75 uwm; ###, p < 0.001
compared with 25K+S, 0.75-1.5 um; #, p < 0.05 compared with 5K-S, 0.75-1.5 um; +, p < 0.05 compared with 5K-S, 1.5-2.25 um. One-way analysis of variance

was followed by Tukey'’s post hoc test.

fully investigated. Using live-cell imagining techniques, we
examined the ability of IGF-I to inhibit the autophagy-associ-
ated cell death of Purkinje neurons.

To examine the effect of IGF-I on cell death of Purkinje neu-
rons, we quantified the number of surviving Purkinje neurons
after trophic factor withdrawal in the absence or presence of
IGF-I (Fig. 1A). Purkinje neurons were identified by staining
cultures with the Purkinje marker, calbindin D-28K. After 24 h
of trophic factor withdrawal (5K-S), only 50% of Purkinje neu-
rons remained compared with controls, which supports our
previously published data (31) (Fig. 14, ***, p < 0.001 compared
with 25K+S). By 72 h all of the neurons have died and were
lifted from the dish. The addition of IGF-I (200 ng/ml) to the
cultures prevented the loss of Purkinje neurons induced by
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trophic factor withdrawal and resulted in 95% survival, which
was comparable with untreated control cells (Fig. 14, ###, p <
0.001 compared with 5K-S). The addition of bafilomycin A, a
vacuolar ATPase inhibitor that disrupts lysosomal vesicle acid-
ification and inhibits vesicle degradation (39), did not decrease
Purkinje survival more than 5K-S treatment alone, but it com-
pletely reversed the neuroprotective effects of IGF-I on Pur-
kinje neuron survival, indicating that lysosomal vesicle turn-
over is required for IGF-I mediated neuroprotection (Fig. 14,
**#* p < 0.001 compared with 25K+S; +++, p < 0.001 com-
pared with 5K-S + IGF-I). In the presence of trophic support
(25K+S), IGF-I and bafilomycin A, had no additional effect on
Purkinje survival compared with 25K+S alone (data not
shown).
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We then analyzed the effects of IGF-I on various steps of the
autophagy pathway beginning with autophagosome formation
using an adenoviral vector expressing RFP-tagged LC3, the
mammalian equivalent of yeast Atg8. Atg8 was the first auto-
phagy-related protein shown to localize to autophagosomes
(40,41). In mammals LC3 is required for the expansion phase of
autophagosome formation (42) and, therefore, acts as a cellular
marker for autophagosomes.

To determine whether IGF-I could prevent the extensive
autophagic vacuolation observed after trophic factor with-
drawal, the size of autophagosomes were measured in RFP-
LC3-infected Purkinje neurons subjected to 16 h trophic factor
withdrawal in the absence or presence of IGF-I. After 16 h, the
cells were stained with Hoechst and LysoSensor Green, and
live-cell imaging was performed. Quantitative analysis of vacu-
olation was performed on captured images by measuring the
diameters of all RFP-LC3 vacuoles present after 16 h of trophic
factor withdrawal, which was used to create a vesicle size dis-
tribution profile (33). In the presence of trophic support
(25K+S), the majority (>95%) of Purkinje neurons contained
small (<0.75 wm) RFP-LC3-positive vacuoles (Fig. 1, Ba and C,
section 1). IGF-1 (200 ng/ml) had no additional effect on vesicle
size under control 25K+S conditions (Fig. 1, Bb and C, section
2). After 16 h of trophic factor withdrawal (5K-S), there was a
significant shift in the size distribution profile with a ~40%
decrease in RFP-LC3 positive vacuoles less than 0.75 um and a
~30% increase in RFP-LC3 positive vacuoles between 0.75 and
1.5 um (Fig. 1, Be and C, section 5; p < 0.001 (***) and p < 0.001
(###) compared with 25K+S control). The addition of IGF-I to
the trophic factor withdrawal media inhibited the autophago-
some accumulation induced by trophic factor withdrawal,
resulting in a shift in the vesicle size distribution toward control
conditions (Fig. 1, Bf and C, section 6).

To examine whether IGF-I prevented vesicle accumulation
by regulating the formation of autophagosomes or vesicle turn-
over, we added the lysosomal degradation inhibitor, bafilomy-
cin A; (100 nm), in the absence or presence of IGF-I and ana-
lyzed the vesicle size distribution. Under control 25K+S
conditions, bafilomycin A; induced the accumulation of vesi-
cles due to basal autophagy in these cells (Fig. 1, Bc and C,
section 3; p < 0.001 (") and p < 0.001 (###) compared with
25K+S control). Trophic factor withdrawal plus bafilomycin
A, resulted in an even greater increase in autophagosomes
larger than 0.75 wm compared with 5K-S conditions alone (Fig.
1C, section 7; #, p < 0.05 compared with 5K-S, 0.75-1.5 um; +,
p < 0.05 compared with 5K-S, 1.5-2.25 um). When treated in
the presence of bafilomycin A;, IGF-I no longer blocked the
accumulation of autophagosomes greater than 0.75 um (Fig. 1,
Bh and C, section 8, p < 0.001 (***) and p < 0.001 (###) com-
pared with 25K+S control and p < 0.05 (#) compared with
5K-S). The inhibition of IGF-I effects on vacuole accumulation
by bafilomycin A, demonstrates that IGF-I acts downstream of
autophagosome formation to increase vesicle turnover.

IGF-1 Does Not Influence the Up-regulation of LC3-1I That Is
Induced during Autophagy— Another method to quantify vesi-
cle formation is by analyzing LC3 protein levels. LC3 exists in
two states, LC3-I and LC3-II. Newly synthesized LC3 is cleaved
to form LC3-1, which is localized in the cytosol. When autoph-
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FIGURE 2. IGF-I does not block LC3-Il induction during autophagy. An
immunoblot analysis was performed to determine the effects of trophic fac-
tor withdrawal and IGF-I on LC3-Il expression. Purkinje neurons were main-
tained in 25K+S and 5K-S in the absence or presence of IGF-I (200 ng/ml) and
bafilomycin A, (Baf A;, 100 nm) for 0, 4, 6, and 8 h. Immunoblot analysis was
performed using a polyclonal antibody to LC3. A, LC3-l is 18 kDa, and LC3-lI
(the lipidated membrane bound form) is 16 kDa. Actin served as a loading
control. Data shown are a representative immunoblot of three independent
experiments. A, bottom, quantitation of LC3-ll induction in the presence of Baf
A,. B, Purkinje neurons maintained in 25K+S and 5K-S in the absence and
presence of IGF-I and Baf A, for 6 h were subjected to live-cell imaging. The
total number of autophagosomes were counted in 10 Purkinje neurons per
treatment condition and averaged for three separate experiments.

agy is induced, LC3-I is lipidated (phosphatidylethanolamine-
conjugated) to form LC3-1I, which binds to the autophagoso-
mal membrane (42, 43). Thus, expression of LC3-II is a good
indicator of autophagy induction.

To determine the role of IGF-I on autophagy induction, we
examined the protein levels of LC3-11 by Western blot (Fig. 24).
Cerebellar cultures were subjected to a 0-, 4-, 6-, and 8-h
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trophic factor withdrawal time course in the absence or pres-
ence of IGF-I (200 ng/ml) and in the absence or presence of
bafilomycin A, (100 nMm). Trophic factor withdrawal both in the
absence or presence of IGF-I did not induce measurable levels
of LC3-1I, suggesting that the turnover of vesicles was rapid in
these cultures (Fig. 24, top blot). Therefore, the lysosomal deg-
radation inhibitor, bafilomycin A, was added to block the turn-
over of autolysosomes, allowing for the accurate measurement
of total LC3-II. At 0 h of trophic factor withdrawal in the
absence or presence of IGF-I vehicle (H,0), LC3-II expression
levels were almost non-existent, in agreement with low basal
levels of autophagy under control conditions. Trophic factor
withdrawal alone in the presence of bafilomycin A; induced
LC3-II expression over time, indicative of autophagy induction
(Fig. 24, bottom blot). Surprisingly, the addition of IGF-I in the
presence of bafilomycin A; had no effect on the LC3-II induc-
tion time-course, as LC3-1I expression levels were not statis-
tically different from trophic factor alone conditions. These
results suggested that autophagy activation still occurred in
the presence of IGF-I but that autophagosomes did not
accumulate.

Because these cultures represent a heterogeneous popula-
tion of neurons including granule neurons, which do not
exhibit enhanced autophagy upon trophic factor withdrawal,
we verified the Western blot data by live-cell imaging of LC3
expression in Purkinje neurons using RFP-LC3. LC3-1I expres-
sion is localized specifically to the autophagosomal membrane;
therefore, counting the total number of RFP-LC3-stained auto-
phagosomes is another method of measuring both autophagy
induction and autophagosome formation. Cerebellar cultures
were treated with trophic factor withdrawal media in the
absence or presence of IGF-1 (200 ng/ml) both with and without
bafilomycin A; (100 nm) for 6 h and subjected to live-cell imag-
ing. Bafilomycin A, was added again to ensure accurate meas-
urements of the total number of autophagosomes. The addition
of IGF-I to cerebellar cultures subjected to trophic factor with-
drawal in the absence of bafilomycin A, appeared to reduce the
total number of autophagosomes per Purkinje neuron com-
pared with trophic factor withdrawal alone (Fig. 2B). In trophic
factor withdrawal media containing bafilomycin A, the aver-
age number of autophagosomes formed per Purkinje neuron in
the absence and presence of IGF-I revealed no significant dif-
ference, confirming Western blot data that IGF-I does not reg-
ulate autophagy at the step of autophagic vesicle formation.

IGF-I Enhances the Fusion Rate between Autophagosomes
and Lysosomes—Downstream of autophagosome formation is
the fusion of the autophagosome with the lysosome and degra-
dation of both bulk cytoplasm within the autophagosome and
the autophagosome itself. Using live-cell imaging techniques,
we analyzed whether IGF-I could regulate the fusion of auto-
phagosomes with lysosomes. Cerebellar cultures were infected
with RFP-LC3 and subjected to a trophic factor withdrawal
time course (0, 6, 10, 16, 24 h) in the absence or presence of
IGF-I and repeated in trophic factor withdrawal media contain-
ing bafilomycin A,. Neurons were then stained with Hoechst to
visualize cellular nuclei and LysoSensor Green to visualize lyso-
somes, and images were captured via live-cell imaging (Fig. 3A).
Co-localization of RFP-LC3 and LysoSensor Green is a repre-

JULY 24, 2009-VOLUME 284+NUMBER 30

sentation of fused vesicles or autolysosomes. Therefore,
fusion was quantified by measuring the degree of co-local-
ization between the red (autophagosome) and green (lyso-
some) signal using the Pearson correlation coefficient (Slide-
book 4.2). The Pearson correlation calculates the correlation
between the intensity distribution of the red and green chan-
nel and expresses the correlation as an r-value between —1
and +1, indicating no co-localization to perfect co-localiza-
tion, respectively.

In 5K-S trophic factor withdrawal conditions, the degree of
co-localization, expressed as the Pearson correlation coeffi-
cient (r) increased with time and at 24 h was 0.70, which indi-
cates a high degree of co-localization and, thus, a high degree of
fusion of autophagosomes with lysosomes (Fig. 3, A, top panel,
and B). The autophagosomes also appear to increase in size
over time, supporting the vesicle size distribution data from Fig.
1. In comparison, the amount of fusion in IGF-I-treated cover-
slips also increased with time; however, fusion peaked at 16 h
with a Pearson correlation of 0.73 (Fig. 3, A, second from top
panel, and B). Furthermore, at 6 h the degree of co-localization
was significantly higher than 5K-S-alone conditions (Fig. 3B, **,
p < 0.01 compared with 6 h 5K-S) and remained higher than
5K-S for up to 16 h. By 24 h the degree of co-localization in the
presence of IGF-I was less than 0.50, significantly lower than
5K-S alone (Fig. 3B, ##, p < 0.01 compared with 24 h 5K-S), and
the neurons were comparable in morphology to control condi-
tions (smaller vesicles). In comparison, no RFP-LC3 and Lyso-
Sensor Green colocalization was observed in treatment condi-
tions containing bafilomycin A}, demonstrating that lysosomal
inhibition via bafilomycin A, also blocks vesicle fusion (Fig. 3,
A, third and fourth panel from the top and B). These results
suggested that IGF-I regulates autophagic flux by increasing the
autophagosome-lysosome fusion rate at earlier time points,
resulting in a more rapid turnover of autophagic vacuoles. The
results are also consistent with the observed decrease in total
autophagosomes in trophic withdrawal conditions treated with
IGF-I compared with trophic factor withdrawal alone in Fig. 2B.

IGF-I Effects on Purkinje Neuron Survival and Autophagy-
associated Cell Death Are Akt- and mTOR-dependent—IGF-1is
known to inhibit apoptotic cell death by activating the serine/
threonine kinase Akt (44). We have previously shown that Akt
activation is required for the inhibition of granule neuron apo-
ptosis by IGF-I (36) but have yet to investigate its role in the
autophagy-associated cell death of Purkinje neurons. Akt has
been shown to be a negative regulator of autophagy, as treat-
ments that decrease Akt activity (overexpression of PTEN and
ceramide) induce autophagy, whereas those that up-regulate
Akt activity (treatment with phosphatidylinositol 3,4-diphos-
phate and phosphatidylinositol 3,4,5-trisphosphate and over-
expression of a constitutively active Akt) inhibit autophagy (45,
46). In addition, Akt has been shown to be required for insulin-
dependent inhibition of autophagy in myeloid cells (47). We,
therefore, examined the role of Akt in mediating the survival of
Purkinje neurons by IGF-L

When the specific Akt inhibitor SH-5 (1.0 um) was included
with IGF-I in trophic factor withdrawal conditions (5K-S), it
completely blocked the promotion of Purkinje neuron survival
by IGE-I as only 30.7 = 8.2% of Purkinje neurons remained,
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FIGURE 3.1GF-l increases the autophagosome-to-lysosome fusion rate in Purkinje neurons. RFP-LC3-infected cerebellar cultures were subjected to
a 5K-S time course (0, 6, 10, 16, 24 h) in the absence or presence of IGF-I (200 ng/ml) and bafilomycin A; (100 nm). Neurons were stained with Hoechst
to visualize cellular nuclei and LysoSensor Green to visualize lysosomes, and images were captured via live cell imaging. A, images represent merged
images of Hoechst (blue), LysoSensor Green (green), and RFP-LC3 (red). Areas of co-localization (yellow) between RFP-LC3-and LysoSensor Green-
positive vacuoles are indicative of autophagosome to lysosome fusion. The scale bar represents 5 um. B, co-localization between RFP-LC3- and
LysoSensor Green-positive vacuoles was quantified using Pearson’s correlation coefficient analysis in Slidebook 4.2. Data represent the mean = S.E. of
three independent experiments, each performed in triplicate. **, p < 0.01 compared with 6 h 5K-S; ##, p < 0.01 compared with 24 h 5K-S. One-way
analysis of variance was followed by Tukey’s post hoc test.
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FIGURE 4. IGF-I-mediated neuroprotection of Purkinje neurons against
autophagy-associated cell death is Akt- and mTOR-dependent and
ERK1/2-independent. Purkinje neurons were maintained in control medium
(25K+S) in the absence or presence of IGF-I (200 ng/ml), SH-5 (1.0 um), rapa-
mycin (100 nm), and PD98059 (50 um) or trophic factor-withdrawal medium
(5K-S) in the absence or presence of IGF-I, SH-5, rapamycin, or PD98059 for
48 h. The cultures were fixed and stained with the Purkinje neuron marker,
calbindin D-28K, and Purkinje neurons were counted. Numbers are plotted as
the percent survival of control. A, Purkinje survival in the absence and pres-
ence of IGF-I and in presence of SH-5 or rapamycin plus IGF-I. B, Purkinje
survival in the absence and presence of IGF-I and in the presence of PD98059
plus IGF-I. A and B, data represent mean = S.E. of five independent experi-
ments, each performed in triplicate. ***, p < 0.001 compared with 25K+S
control; ###, p < 0.001 compared with 5K-S. One-way analysis of variance
followed by Tukey’s post hoc test.

which is not statistically different from trophic factor with-
drawal alone (Fig. 44, ***, p < 0.001 compared with 25K+S).
SH-5 also significantly decreased Purkinje neuron viability
under control 25K+S conditions (Fig. 44, ***, p < 0.001 com-
pared with 25K+S control). The concentration of SH-5 that
completely reversed IGF-I neuroprotection corresponds well
with the concentrations that are required to completely inhibit
Akt activity (47).

Although mTOR is known to regulate autophagy in diverse
organisms and the insulin/Akt signaling pathway contributes to
mTOR activation, there have been conflicting reports regard-
ing the requirement of mTOR signaling for the inhibition of
autophagy by insulin (47, 48). Additionally, there is a paucity of
information regarding the role of mTOR signaling in Purkinje
neurons. The addition of rapamycin (100 nMm), a potent and
selective inhibitor of mTOR signaling, reversed the protection
of Purkinje neurons by IGF-I, and the remaining Purkinje neu-
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FIGURE 5. IGF-1 effects on autophagic vesicle accumulation are Akt- and
mTOR-dependent. RFP-LC3-infected Purkinje neurons were maintained in
25K+S, 5K-S, 5K-S +IGF-1 (200 ng/ml), 5K-S +SH5 (1.0 um), or 5K-S +rapamy-
cin (100 nm) for 24 h after which neurons were stained with Hoechst, and
images were captured via live-cell imaging. Autophagosome vacuole size
was quantified by measuring the diameters of all RFP-LC3-positive vacuoles
in 7-12 Purkinje neurons per treatment (n = 3). The size distribution was
graphed as the percent of total vacuoles within the indicated size ranges.
Data represent the mean = S.E. of three independent experiments, each per-
formed in triplicate. ***, p < 0.001 compared with 25K+S, <0.75 um; ###, p <
0.001 compared with 25K+S, 0.75-1.5 um. One-way analysis of variance fol-
lowed by Tukey’s post hoc test.

ron numbers were reduced to 44.3 = 4.4% that of controls (Fig.
4A, ***, p < 0.001 compared with 25K+S control). Rapamycin
also decreased Purkinje neuron viability under control condi-
tions (Fig. 44, ***, p < 0.001 compared with 25K+S control).

ERK1/2 Signaling Pathway Is Not Required for Purkinje Neu-
ron Survival Promoted by IGF-I—IGF-I has also been reported
to promote cell survival by activating ERK1/2 signaling path-
ways (49, 50). To determine a possible role of ERK1/2 signaling
in mediating the survival of Purkinje neurons promoted by
IGF-I, we utilized the ERK1/2 inhibitor, PD98059. The addition
of PD98059 (50 um) with IGF-I (200 ng/ml) had no effect on the
IGF-I-mediated protection of Purkinje neurons as cultures
treated with both IGF-Iand PD98059 maintained Purkinje neu-
ronal counts at 81.7 == 11.3% of control (Fig. 4B, ###, p < 0.001
compared with 5K-S), which was not statistically different from
either control conditions or treatment with IGF-I alone. IGF-I
inhibition of Purkinje neuron death is independent of its ability
to activate the ERK signaling pathway.

IGF-I Effects on Autophagic Vesicle Accumulation Are Akt-
and mTOR-dependent—We have demonstrated that the
degree of autophagic vacuolation of Purkinje neurons is nega-
tively correlated with survival. To determine whether the effect
of IGF-I on vesicle accumulation was Akt- and mTOR-depend-
ent, as was Purkinje survival, cerebellar cultures were subjected
to a 24-h trophic factor withdrawal in the absence or presence
of IGF-TIand the Akt and mTOR inhibitors, SH5 and rapamycin,
respectively. Quantitative analysis of vesicle size was performed
from captured live cell RFP-LC3 images (Fig. 5). As observed
previously, the majority of Purkinje neurons contained small
(<0.75 wm) autophagic vacuoles in the presence of trophic sup-
port. After 24 h of trophic factor withdrawal there was a signif-
icant decrease in 0.75-1.5-um vacuoles and increase in 1.5—
2.25-pum vacuoles (Fig. 5, section 2, p < 0.001 (***) and p < 0.001
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(###) compared with 25K+S, section I). The addition of IGF-I
(200 ng/ml) to the trophic factor withdrawal media decreased
the overall vacuolation of Purkinje neurons, as the vesicle size
distribution was not significantly different from 25K+S control
(Fig. 5, compare sections I and 3). The addition of SH-5 (1.0 um)
and rapamycin (100 nm) to IGF-I-treated cultures completely
reversed the inhibition of Purkinje neuron vacuolation by IGE-1
as the percentage of small to large autophagosomes was statis-
tically identical to conditions of trophic factor withdrawal alone
(Fig. 5, sections 4 and 5, p < 0.001 (***) and p < 0.01 (###)
compared with 25K+S, section I). Control 25K+S conditions
treated with SH5 and rapamycin also increased the accumula-
tion of vesicles greater than 0.75 wm (data not shown). These
data demonstrate that IGF-I acts through a Akt/mTOR-
dependent pathway to prevent both vesicle accumulation and
Purkinje cell death.

DISCUSSION

Previous research in our laboratory has demonstrated in cul-
tured cerebellar granule neurons that Purkinje neurons up-reg-
ulate autophagy and undergo cell death when trophic factors
are removed from their medium. Factors that block the accu-
mulation of large autophagic vesicles, i.e. 3-methyladenine and
expression of DN-FADD (dominant negative Fas-associated
death domain protein), blocked cell death, suggesting that the
accumulation of vesicles per se contributes to abnormal neuro-
nal function and death (31, 34). Here, we report that IGF-I, a
potent neurotrophic factor iz vivo, also blocks the accumula-
tion of large autophagic vesicles and prevents the subsequent
cell death of Purkinje neurons, again supporting the notion that
the accumulation of large autophagic vacuoles causes neuronal
death. The effect of IGF-1 on the accumulation of large vacuoles
was not due to changes in autophagosome formation as the
induction of LC3-II expression and the total number of RFP-
LC3 labeled autophagosomes (in the presence of bafilomycin
A,) formed at 6 h was similar in the absence or presence of
IGEF-I Treating neurons with the lysosomal degradation inhib-
itor, bafilomycin A;, in the presence of IGF-I, abolished the
IGEF-I effect on autophagic vacuole accumulation, suggesting
that IGF-I prevents vacuole accumulation by increasing their
turnover. Indeed, a time-course of autophagosome-to-lyso-
some fusion demonstrated that in the presence of IGF-I, fusion
rates were significantly higher than control at 6 h and lower
than control by 24 h, indicating that IGF-I regulates autophagic
flux.

Recent papers have provided additional insight regarding the
molecular machinery that drives the autophagy pathway. Of
particular importance is the role that Atg8, the yeast homolog
of LC3, may play in autophagosome expansion. Xie et al. (51)
demonstrate that differential levels of Atg8 expression corre-
lates directly with autophagosome size, such that lower levels of
Atg8 form smaller autophagosomes without affecting the total
number of autophagosomes formed. In their model of autopha-
gosome formation, Atg8 is specifically recruited to the pre-au-
tophagosomal structure (PAS) to regulate PAS expansion and
autophagosome size and is released from the PAS before auto-
phagosome maturation. These data provide strong evidence
that changes in autophagosome size are indicators of autoph-
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agy initiation. The vesicle size distribution data presented in
this paper confirms the observations made by Xie et al. (51) in
that removal of trophic support, a classic inducer of autophagy,
significantly increased the size distribution of autophagic
vesicles.

Measuring the vesicle size distribution and LC3-1I levels (via
total counts of RFP+ autophagosomes) in the absence and
presence of bafilomycin A, provides additional information on
autophagic flux. In the presence of bafilomycin A, the effect of
IGF-I on vesicle size and accumulation is no longer apparent,
suggesting that IGF-I may prevent vacuole accumulation by
increasing vesicle turnover. The apparent decrease in total
autophagosomal vesicles per Purkinje neuron in the presence of
IGF-I compared with 5K-S alone when degradation is not
blocked also supports the role of IGF-I in preventing vesicle
accumulation. Furthermore, when these two conditions (5K-S
in the absence or presence of IGF-I) are compared in the pres-
ence of bafilomycin A, there is no significant difference in the
total number of autophagosomes per Purkinje neuron, demon-
strating that IGF-I does not regulate the formation but, rather,
the turnover of vesicles.

Our data describing the ability of IGF-I to regulate vesicular
fusion are supported by a recent publication by Yamamoto et al.
(52), which demonstrated an IGF-I-regulated increase in the
autophagy-mediated degradation and clearance of accumu-
lated mutant exon 1htt, a mutant form of the huntingtin exon 1
protein. This IGF-I-mediated increased autophagic clearance
of mutant exonlhtt occurred in the presence of a stimulated
class I phosphatidylinositol 3-kinase pathway, which included
both Akt and mTOR activation, a pathway generally thought to
inhibit starvation-induced autophagy (53). Yamamoto et al.
(52) along with our data showing that regulation of autophagic
vacuole turnover by IGF-I requires a phosphatidylinositol 3-ki-
nase-Akt-mTOR pathway appears inconsistent with growth
factor-mediated activation of the phosphatidylinositol 3-ki-
nase-Akt-mTOR pathway as a repressor of autophagy induc-
tion (45, 54, 55). One would have predicted that IGF-I would
block autophagosome formation. On the other hand, the
observed effect of IGF-I on autophagy fusion and turnover
would allow for a more rapid degradation and recycling of
cellular protein under conditions of continued trophic factor
deficiency.

This raises an interesting question on the mechanism by
which the Akt/mTOR pathway regulates autophagy, which at
large remains unclear. In yeast, TOR has been shown to inhibit
autophagy by regulating Apgl3 phosphorylation and repress-
ing Atg8 expression, two essential proteins for autophagy
induction and autophagosome membrane expansion, respec-
tively (41, 56, 57). To date, the mammalian ortholog of yeast
Atgl3 or its interacting protein, Atgl, have not been identified.
Considering the greater complexity with higher eukaryotes
compared with yeast, it remains possible that mTOR may target
autophagy-related proteins other than those required for auto-
phagosome formation.

Clearly, the regulation of autophagy is complex, and further
work is required to elucidate mechanistically how IGF-I regu-
lates autophagic vacuole turnover by examining downstream
targets of the IGF-I/Akt/mTOR pathway. It will also be inter-
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esting to determine whether other neurotrophic factors regu-
late autophagy in a similar manner. These studies may reveal
new potential targets for the treatment or prevention of neuro-
degenerative diseases.
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